Keeping the stemness of human mesenchymal stem cells (hMSCs) and their adipocyte differentiation potential is critical for clinical use. However, these features are lost on traditional substrates. hMSCs have often been studied on stiff materials whereas culturing hMSCs in their native niche increases their potential. Herein, a patterned hydrogel nanocomposite with the stiffness of liver tissues is obtained without any molding process. To investigate hMSCs' mechanoresponse to the material, the RGD spacing units and the stiffness of the hydrogels are dually tuned via the linker length. This work suggests that hMSCs' locomotion is influenced by the nature of the hydrogel layer (bulk or thin film). Contrary to on bulk surfaces, cell traction occurs during cell spreading on thin films. In addition, hMSCs' spreading behavior varies from shorter to longer linker-based hydrogels, where on both surfaces hMSCs maintains their stemness as well as their adipogenic differentiation potential with a higher number of adipocytes for nanocomposites with a longer polymer linker. Overall, this work addresses the need for a new alternative for hMSCs culture allowing the cells to differentiate exclusively into adipocytes. This material represents a cell-responsive platform with a tissue-mimicking architecture given by the mechanical and morphological properties of the hydrogel.
stem cells have responded to their mechanical and biochemical environment. [10] [11] [12] [13] [14] [15] [16] As an example, different stiffnesses can lead to different lineage specifications and cell morphologies; a stiff surface will more likely lead to osteoblasts while a softer surface will lead to adipocytes, neurons, or myoblasts. [12] The cell morphology is also influenced by the microenvironment, where a flat or a patterned surface will give different cell phenotypes as well as different patterns, which lead to different cell shapes (elongated, round, star shaped, spheroids). [17] [18] [19] In addition, the presence and distribution of cell promoters (proteins and peptides) such as RGD, fibronectin, and collagen on the surface will influence the cell fate and the interaction of the cell with the materials' surface through integrins for example. [13] Soft materials are sensitive and can undergo large deformation. [20] As a result, mechanical instabilities of this type of materials exist and are numerous in nature. [21] They are observable in the brain, the skin, and in plants, to name a few examples. [22] These instabilities result from environmental stimuli or constraints. For instance, instabilities of soft hydrogels anchored on a substrate are due to a high swelling constrained by the substrate. [23] [24] [25] They are being more and more applied in diverse fields. For example, wrinkled hydrogels are used in adhesives, [26] stretchable electronics, [27] control of surface wettability, [28] and moisture-responsive devices. [29] Furthermore, it has been suggested that soft substrates (≈1-10 kPa) could keep and/or recover the stemness of hMSCs after a limited amount of passages and postpone the senescence of the cells as opposed to a culture on TCPS (≈3 GPa). Typically, culturing methods of hMSCs are performed on TCPS, a hard type of surface, however, when cultured in vitro on such surface, the cells are likely to lose their proliferative and multilineage differentiation potential. Especially after several number of passages, usually after around the twelfth passage (P12) and multiple differentiation steps, they tend to go in a phase called "senescence" where the intrinsic function (stemness) of stem cells fades and cannot be recovered. This represents a major issue in tissue engineering where a culture system that maintains the stemness of the hMSCs is needed to efficiently expand them in vitro. [30, 31] The impact of patterned surfaces on cellular behavior has also been investigated in recent years. Guvendiren and Burdick have reported the effect of lamellar or hexagonal wrinkled patterns on hMSC morphology and differentiation. They have suggested that, depending on the pattern and on where the cells are located on the pattern, hMSCs remain round or spread and are differentiated into osteogenic or adipogenic lineages. [29] Furthermore, most organs and tissues are soft materials. Physicochemical properties as well as the appropriate mechanical properties are crucial for an optimal culture system for such cells. [32] For these reasons, patterned soft surfaces could be an alternative structure for tissue engineering applications.
The use of antifouling surfaces such as polyethylene glycol hydrogels in tissue engineering have numerous advantages, i.e., the stiffness can be tuned with the PEG length. Furthermore, their antifouling property will prevent unspecific protein adsorption. [33] Nevertheless, some publications reported the inability of cells to adhere on soft hydrophilic surfaces even in the presence of RGD. First, the high hydrophilicity of some bare surfaces can prevent cell adhesion. Another reason is the lack of exposure of the peptides to the cells. [34] Ding et al. have shown that culturing cells on such antifouling surface was possible only by having the optimal spacing of functional proteins or peptides. They found that a critical local inter-ligand spacing of RGD of ≈70 nm is necessary for cell attachment. Their work consisted, inter alia, in nanopatterning a hydrogel surface with RGD bearing AuNP where cell attachment could be observed. [35] [36] [37] AuNPs are now a standard feature of particle because of their stability, their easy synthesis, and their high loading density of functionalities. [38, 39] They can then represent multiple anchoring points to proteins, peptides, and other biomolecules, which are useful for cell adhesion, proliferation, and differentiation. [40] The size of AuNPs is tunable as well as their density within the material. They are biocompatible in a reasonable concentration and well suitable for cell culture. The ultimate advantage of having nanocomposites is that the nanoparticles can be attached through Au-S chemistry, they are efficient and stable and do not allow any leaching of the particles out of a hydrogel structure. These nanocomposites therefore prevent the biomolecules from escaping the network and consequently avoid a loss of function or instability of the matrix. [41] Soft tissue replacement is necessary in case of soft tissue pathologies, injuries, trauma, or defects. For example, adipose tissue defects and pathologies represent a challenge in reconstructive medicine. This issue has led to the emerging field of soft tissue engineering, which aims to provide a biologic substitute that promotes soft tissue growth and regeneration. [42] [43] [44] [45] In this study, the interaction of hMSCs culture with the surface of a soft hydrogel nanocomposite (G′ < 2 kPa) was investigated. To achieve this aim, a hydrogel nanocomposite with a highly porous and interconnected structure, in principle adequate for cell adherence and culture was produced. This material is inert to biochemical change, nontoxic, and transparent. The differentiation potential of hMSCs along with the spreading, immunophenotyping, and mechanosensibility on two differently RGD-spaced hydrogels was investigated (Figure 1 ).
Results and Discussion

Synthesis and Fabrication of Hydrogel Nanocomposites with Different Types of Surface Patterns
Surface topography is crucial for stem cell proliferation and fate. Surface morphology associated with cell adhesive ligands is beneficial for stem cells spreading. Especially, topography Adv. Funct. Mater. 2020, 30, 1905200 Figure 1. Schematic representation of the following study aiming: first to investigate the effect of patterns (wrinkles or creases) on cell locomotion and second the effect of the stiffness (keeping it in the soft region) and spatial organization of cell-adhesive peptides on adhesion, cell morphology, and conservation of intrinsic functions of hMSCs (mechanosensing ability, immunophenotyping, and differentiation capability).
of the surface enhances the differentiation of hMSCs toward osteogenic and adipogenic lineage. [29, 30] Previous studies have suggested that the combined micro-and nanoscale topography is favoring hMSCs proliferation and differentiation. [46, 47] To form patterned hydrogel nanocomposites (Figure 2) , we used our previously reported hydrogel fabrication approach, with some modifications. [48] In these systems, copper-free, strainpromoted alkyne-azide click reaction (SPAAC) and Au-S chemistry are used. This bioorthogonal gel formation strategy is a spontaneous and efficient way that occurs in mild conditions. PEG is the linker, crosslinked with dendritic polyglycerol (dPG) and AuNP. This forms a nanocomposite hydrogel with RGD-bearing AuNP, and dPG connected through flexible PEG chains. RGDs possess a supplementary cysteine group and a supplementary thiol group was also inserted in the middle part of the PEG chain via EDC/NHS coupling (detailed synthesis is presented in the Supporting Information). PEG and RGD are anchored on the AuNP via the binding of their thiol functional groups to the AuNP. PEG and dPG are used for their nonfouling properties to avoid unspecific protein adsorption. Characterization of the composition in AuNPs and their spatial organization are presented in SI (Figures S6, S7, and S11, Supporting Information).
The stiffness of the hydrogel as well as the RGD spacing units will be tuned by the PEG length. The stiffness might also be influenced by the molecular weight of dPG (crosslinker), which was kept constant at 10 kDa in this study. Since the RGD peptides are anchored on the AuNP and AuNPs are bound to the PEG linkers, the RGD spacing unit will also be therefore influenced by the PEG length ( Figure S14D , Supporting Information).
To get two types of instabilities on the surface of the hydrogels, two methods have been used, either spin coating the hydrogel solution on a silanized glass coverslip to covalently anchor a thin hydrogel film onto a glass substrate or a simple deposition of the hydrogel solution in a tissue culture plate to get a thick hydrogel layer in a well. The anchoring step is crucial as well as the presence of an aqueous environment to obtain the patterns. By depositing hydrogel solutions on two types of substrates to form a hydrogel layer, and then immersing the material in aqueous medium, we expect to naturally produce hydrogel surfaces with two different topographies. Furthermore, these hydrogels, as soft materials with high swelling capacities [48] (Figure S8 , Supporting Information), expand tremendously in the presence of medium because of the difference in osmotic pressure in the hydrogel and in the aqueous environment. The more swollen the hydrogels are, the higher stress response they give resulting from the constraint applied by the substrate. [23, 49] We chose to observe the wrinkled surface morphology by atomic force microscopy and the creased surface by phase contrast optical microscopy. We adapted the imaging technique to the size of the patterns and to the feasibility of the method (due to substrate restrictions, AFM images of the creased surface could not be obtained). In Figure 3 and Figure S3 (Supporting Information), optical micrographs of the thin hydrogel film after immersion in aqueous medium are shown. These representations of the surfaces of the thin hydrogel films (2D and 3D views, respectively) show a homogeneously wrinkled morphology with micro-and nanoroughness of around between 27 to 310 nm (micro-) and 4 to 57 nm (nano-) (Table 1 and Figure 4 ). AFM images 1 µm x 1 µm also testify the presence of interconnected pores at the nanoscale and a mesh size of around 14 to 20 nm for dPG-Au6000 and a larger mesh for dPG-Au20000 of around 30 nm. Appealingly, the visible patterns obtained resemble quite closely to the ones of the brain. Brain patterns have been explained by the soft nature of the organ that is constrained by a hard "substrate" that is the surrounding (the skull). During the development of the brain, the cerebral cortex displays a high expansion and the constraint of the stiff environment leads to folding and consequently gives wrinkled patterns. [2, 50] The same phenomenon explains the wrinkles obtained for these hydrogels.
In contrast, the optical microscope images (Figure 3i ,j) obtained in the case of a hydrogel deposited in a well plate and Adv. Funct. Mater. 2020, 30, 1905200 observed after hydration, show creased surfaces, very similar to the patterns obtained by Trujillo et al. [51] The patterned morphologies were evaluated after swelling the films or thick layers in medium. It is notable that in dry state, no patterns are seen, which shows that the wrinkles or creases only appear by hydration. Prior to immersion in a solvent, the material is stress free. After immersion, the hydrogels undergo an osmotic stress due to the solvent with polymer chains and counter ions imbalance. But this bounces back by an elastic stress while the polymer chains are stretching. Moreover, when a mechanical limitation is applied such as an anchoring on a hard substrate, the hydrogels can only expand on a specific direction. As they are constrained by two directions by the walls of the well and the bottom of the well, only the normal direction to the bottom of the substrate will be available for the hydrogel to expand in the presence of the medium. The response to this stress will be, when the stress reaches a critical point, a relaxation, after which the visible osmotically driven patterns appear (schematically explained in Figure S4b , Supporting Information). The characteristic spacing between folds is proportional to the thickness of the gel. [51] When the hydrogel is constrained by only one direction by the substrate, the swelling in principle anisotropic will only be possible in the two other directions instead of the usual three in the absence of the substrate, which results in an equibiaxial compressive stress (schematically explained in Figure S4a , Supporting Information). This is also in accordance with other previously reported literature of soft hydrogels displaying surface instabilities. [22, [52] [53] [54] [55] The material properties of hydrogels were obtained by AFM through externally applied deformations with two differently shaped probes and their respective contact models. To test micromechanical properties, colloidal force spectroscopy (CFS) was used, while a bare sharp AFM tip was used to investigate the hydrogel mechanical behavior at the nanoscale. To obtain information of the material properties of swollen hydrogels, two main approaches were followed. Their mechanical response to external applied forces was tested by means of micro and nanoindentations using a colloidal probe and a bare sharp AFM tip.
hMSCs' Locomotion on the Wrinkled or Creased Hydrogel Nanocomposites
Cells can sense the mechanical properties of their surroundings because of several cellular events. [56] The adhesion of a cell involves physical and chemical messengers, binding receptors, as well as the cytoskeleton. For example, in the cytoskeleton, the F-actins need to be polymerized by α-actinins to form a solid cell structure. [57, 58] Cell locomotion and focal adhesions are regulated by substrate flexibility. Rates of cell motility and lamelliopodial activity increase on softer substrates more than stiffer ones. [59] This is due to a reduced amount of phosphotyrosine at their adhesion sites when cultured on soft substrates. [58] In this part, we intend to study the interaction of hMSCs with the hydrogel nanocomposite toward two different types of instabilities and to investigate the effects of the patterns on stem cells locomotion. hMSCs were cultured on two types of substrates: glass coverslips coated with thin hydrogel films (≈0.1 µm, swollen) and tissue culture plates coated with a thick hydrogel layer (≈2 mm, swollen). The thin layer of wrinkled hydrogel composite was attached to a glass coverslip and deposited in a 24-well plate to facilitate handling. In both substrates were cultured hMSCs for 72 h in DMEM with 10% FBS and 1% PS. Figure 6 shows phase contrast optical images of the hydrogels surfaces with seeded hMSCs: a) the wrinkled thin hydrogel film with RGD-AuNP in the matrix, b) the corresponding creased hydrogel at a same magnification, and c) a control hydrogel without RGD-AuNP. These images show that in both cases with RGD-AuNP the cells adhered to the hydrogels. More interestingly, the cells were adhering where the wrinkles or creases were present. Additionally, these images testify of the strong cell attachment to the hydrogel films in the presence of RGD and where additional wrinkles appear as a consequence of the cellular contractile forces on the thin hydrogel sheets of crosslinked polymers after the cells have spread and crawled on the surface. As seen on Figure 6d , the cells, by spreading out on such a thin film, exerted a traction force that resulted in a compression of the material by the cells and stretched into radial wrinkles surrounding the cells.
Adv. Funct. Mater. 2020, 30, 1905200 The surrounding of the cells is compressed by pulling out of the substrate toward them, radiating several wrinkles oriented along the axe of the tension and in this way, also linking the cell to the neighboring ones displaying the same phenomenon around them, creating a web like structure where many cells are interconnected. This wrinkling effect formed as a result of cell traction exerted beneath the cells as opposed to along the edges of the cells. Cells pull substrates through myosin contractions at 20 to 120 nm s −1 , resulting in deformations inversely proportional with stiffness ( Figure 5) . This phenomenon has been previously reported on other types of thin polymeric sheets and has been applied for example in cellular force microscopy. [60] [61] [62] In the case of the hydrogels deposited in a well plate displaying creases on the surface, the cells are preferentially oriented toward the creases. We hypothesized that they fell preferentially along the creases due to a higher surface area allowing a larger adhesion site resulting in higher focal adhesion expression. This cell behavior is supported by previous studies of creased surfaces for cell culture substrates showing cells migrating to the creases during cell culture. [49] Fortunately, the cells mainly spread along each crease and displayed another type of cell spatial arrangement compared to the ones previously observed on the wrinkled patterns (Figure 6e) . The cells gathered along a crease and promoted a tissue-like formation by being close to one another.
On the contrary, when hMSCs are cultured on a surface in absence of RGD (Figure 6f ), they form spheroids, which indicates that hMSCs' adhesion was specifically mediated by interactions with RGD peptides that are present on the nanoparticles. These observations prove that the patterns on the surface of the same nanocomposite influence the cells locomotion and interaction with the substrate and the presence of RGD is crucial for cell adhesion thus spreading. It is important to point out that these surfaces are reusable. After trypsinization, and washing, the surface can host new cells again.
hMSCs' Spreading Is Influenced by the Substrate's Mechanical Properties
After showing that hMSCs strongly adhere to the hydrogels, next we focus on the influence of a variation of the PEG length, thus a change in stiffness and RGD spacing units, keeping the type of substrate constant (thin hydrogel film). We compared the spreading behavior of the cells on the nanocomposites surface to standard methods of culturing hMSC on hard surfaces, and on soft polyacrylamide hydrogels, here called "PAAm 6000 " and "PAAm 20000 " (with G' (PAAm 6000 ) ≈ 1400 Pa and G' (PAAm 20000 ) ≈ 600 Pa). On tissue culture plate polystyrene (TCPS), hMSCs are known to lose their spindle morphology, and display a large spreading area with irregular shapes after a few passages and multiple differentiation steps. [63] And yet, an enhanced spreading area is characteristic of a senescence state, in other words, an irreversible cell division arrest which makes the cells unsuitable for clinical use. This issue has been addressed and is still looking for a solution. [30] In this part, we study two hydrogels: a system with PEG20000 having an average shear elastic modulus of around 600 Pa and a matrix with PEG6000 around twice as stiff, having an average shear elastic modulus of around 1400 Pa (Figure 2 ). These moduli are chosen to be in the range of organ tissues such as liver or kidney. [32] Studying hMSCs in their native niche increases their potential for use in implants or substrates for tissue engineering. [32] Interestingly, the RGD spacing distance and the stiffness of the matrix are related to the PEG length. In this matrix, several RGD peptides are bound to AuNP via Au-S bonds and AuNP are bound to the polymers via Au-S bonds with a thiol group present in the middle of the PEG linkers. This indicates that the interligand spacing is given by the length of the PEG linkers considering that each AuNP bears at least one RGD peptide. As a result, both parameters should be simultaneously considered. We hypothesized that since the RGD spacing has an influence on the cell spreading, as well as the stiffness, both are expected to influence the spreading altogether. Measurements of the hMSCs spreading areas (Figure 7) showed that hMSCs on a hydrogel with PEG20000 and with PEG6000 have a significant difference in spreading areas with a nanocomposite with PEG20000 (≈1500 µm 2 ) smaller than the one with PEG6000 (≈2000 µm 2 , with p < 0.001), but with similar cell morphologies being quite diverse, elongated, triarmed, and round. On the contrary, hMSCs on TCPS had a larger distribution of spreading areas with an average of ≈3000 µm 2 and the cells had flat and large shapes. The cells on PAAms have a limited spreading area of ≈250 µm 2 , which is a proof of the effect of the mechanical properties of the surface and the RGD nanospacing regulating the cell behavior on the dPG-Au-based hydrogels. The hMSCs cytoskeletons on hydrogels differ from the ones seen on typical TCPS, thick elongated fibers without any actin dots are visible on the hard substrate whereas, on the dPG-Au-based hydrogels, the fibers are thinner, organized, and with a few actin dots, and on PAAm hydrogels, actin dots with only a few fibers are predominantly visible, as seen on Figure 7 , Figure S14A ,B (Supporting Information). Points of high fluorescence intensity are observed on the edge and a few on the hMSCs spread on dPG-Au-based hydrogels suggesting that focal adhesions points are around the cell and a few on the cells, certainly influenced by the RGD spatial organization. This structure was not observed for hMSCs on TCPS nor PAAm hydrogels. The differences in the shape of hMSCs' spreading on hydrogels are then due to the rearrangement of the actin filaments with a few dot shapes.
Adv. Funct. Mater. 2020, 30, 1905200 Since the staining assay only shows cell morphologies, in order to visualize the interaction of hMSCs at the interface of the dPG-Au-based hydrogels, we used SEM to image the cells (Figure 7a-h) . We observed a strong attachment of the hMSCs on the surface with visible filopodia protrusions along the cells grabbing the surface since filopodia are the actin-rich part of cell useful for them to sense their environment to form adhesion sites to the material. This suggests that the cells are actively probing the surface to find adhesion points.
We intend to establish the link between what is observed from the cells on the different conditions to what is known in the literature to be able to speculate on the RGD spacing units of our system. It is reported in the literature that a small RGD spacing promotes the formation of an organized actin structure. The structured organization of the F-actin on both substrates implies that the RGD spacing is small enough, less than 70 nm, to form regularly crosslinked actin bundles. [38, 64] A critical number of integrins of five or six is necessary to cluster before getting a conformational change in the cytoplasm in the tail of the integrin, which builds up focal adhesion, talin, vinculin, and α-actinins. Frith et al. have established that above 44 nm RGD spacing, the cells start to develop filopodia to sense the RGDs on the surface. [65, 66] Therefore, we know from these observations that the RGD spacing units in our systems are between 44 and 70 nm. The difference in the RGD spacing between the two hydrogels is given by the PEG length and so, for PEG20000, the RGD spacing is larger than the ones of a hydrogel with PEG6000, which is also confirmed by the mechanical characterization detailed in the previous sections that displayed a mesh size around twice as large for dPG-Au20000 compared to dPG-Au6000.
Stemness Remains on the Soft Hydrogel Nanocomposite: Hydrogels Keep the Mechanosensing Ability and Immunophenotypes of the hMSCs
According to the International Society for Cellular Therapy's standard criteria, in cell-based therapy, only CD73, CD90, and CD105-positive hMSCs are administered to patients in clinics. [67, 68] Culturing hMSCs on soft substrates (typically, E ≈ 10 to 1 kPa) has been reported to be a better alternative to TCPS, keeping hMSCs' immunophenotyping intact. [30, 31] We intend to study these functions on soft substrates with topography. Stemness is characterized by the expression of these cell surface markers (CD73, CD90, CD105), meaning that the cell markers determine if there is a loss of differentiation potential. [67, 69] Expression of these markers on hMSCs cultured on the different surfaces has been assessed by confocal microscopy. In Figure 8 , Figures S16 and S17 (Supporting Information), micrographs of the hMSCs on the different substrates and the corresponding FACS quantification are reported. The graphs obtained by FACS analysis, depicts the percentage of cell surface marker for the stemness CD73, CD90, and CD105. For CD73, an increase of 37% is seen for cells seeded on the hydrogels compared to cells cultured on TCPS. For CD90, an increase of 43% and for CD105, 79%. These results observed after 5 d of culture testify the strong Adv. Funct. Mater. 2020, 30, 1905200 expression of the hMSCs on the soft hydrogels, where we observed a strong fluorescence in the cells for all the markers and on all the cells as opposed to on TCPS having only a slight fluorescence. The literature reports the percent of triple CD73, CD90, CD105 cells to be only 56% on TCPS. [31] hMSCs are now being investigated in many applications in regenerative medicine, tissue engineering, and cell-based therapy. It is important to keep the stemness of the cells since a lower expression of the markers would decrease the efficiency of therapies. [70] [71] [72] [73] In line with immunophenotyping, mechanosensing ability is also a valued quality. [74] Yes-associated protein (YAP) is a transcription coactivator that serves as a sensor of the stiffness of the environment. [75] YAP translocates to the nucleus when cells are cultured on stiff substrates and only on the cytoskeleton when on soft substrates. [76] This way, by calculating the ratio between the YAP intensity between the nucleus and cytoplasm, we can estimate the degree of cell tension induced by the mechanical properties of microenvironment. After imaging and analysis of the YAP intensity on each cell (Figure 9) , we observed that hMSCs cultured on TCPS exhibited a high YAP nuclear localization with a Nuc/Cyt ratio of around 4 against only around 1 in the case of hMSCs on the soft hydrogels, also for the control PAAm hydrogels proving that the cells sense the soft property of the nanocomposite. The hydrogels had a positive impact on the transcriptional factor activity by favoring the retention of the mechanosensing ability of the hMSCs compared to on TCPS where they were unable to be sensitive to the microenvironment anymore after a few days. As the YAP influences the differentiation of the cells, based on these analyses, we investigated the differentiation potential of hMSCs on all the substrates in the next section.
Overall, TCPS appears to be a non-natural environment for hMSCs, especially when they keep their intrinsic functions such as immunophenotype and sensitivity to the mechanical properties of their microenvironment on softer substrates. This can be explained by the fact that a soft surface with tissue mimicking patterns displayed by the stress wrinkles mimics the natural cell environment, which then allowed them to restore their native functions. These native functions are crucial for the efficacy of therapies when administered in vivo.
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hMSCs Can Differentiate Exclusively in Adipocytes on Tissue Mimicking Soft Hydrogels
hMSCs are involved in numerous treatments in various diseases due notably to their differentiation potential. [77] We focus especially here on the adipogenesis potential for reconstructive medicine to cite only one example. Differentiating hMSCs specifically to one lineage specification represents a challenge. [78] It is known that stiff substrates favor osteogenic differentiation with a less considerable adipogenic differentiation potential. [26] Cells favor adipogenic differentiation on soft substrates with a round morphology. [30, 79] Normally, the hard surfaces would then be expected to produce osteoblasts and the adipogenic differentiation potential would vanish. In this section, we intend to compare the hMSCs differentiation behavior on the soft hydrogels with different nanospacing and hard substrates. To achieve this, the cells were seeded on the hydrogels and on TCPS in adipogenesis differentiation medium. Figure 9 is obtained after culture of hMSCs in adipogenesis medium after 17 d and staining each substrate with APL and Oil O Red. We observed in the micrographs (Figure 10 ) that a hard substrate (typically TCPS) limited the adipose differentiation potential with only around 20% positive cells to adipogenesis in contrast to almost 80% of osteoblasts (in red for adipocytes and purple for osteoblasts), whereas, on the soft hydrogels, the adipose differentiation potential remains intact. We observed a higher number of adipose cells on a matrix with a longer PEG length (PEG 20000) with 85% cells differentiated compared to a hydrogel with PEG6000, with 60% positive cells. This can be explained by the conclusion of Wang et al. stating that differentiation was promoted by a larger nanospacing of RGD unit. [35, 80] As a hydrogel with a PEG20000 was supposed to have a larger nanospacing unit of RGD peptide, it might explain the difference in differentiation extent. We know that stem cell differentiation is influenced by both the RGD spacing units on the surface and stiffness of the substrates with a higher influence of RGD spacing. But in this case, both spacing and stiffness are expected then to lead simultaneously to an adipogenicity differentiation pathway since the matrix with PEG20000 is softer and with a larger RGD spacing. It is notable that only adipocytes were produced on the hydrogels. On a control hydrogel without RGD, the spheroids did not differentiate. It is known in the literature that hMSCs cultured as spheroids maintain cell-to-cell contact and remain undifferentiated. [81] 
Conclusion
Due to the high therapeutic efficiency of hMSCs, they are used in clinical applications. Yet, only hMSCs with intact stemness (immunophenotyping, mechanosensing ability and differentiation potential) are selected for such applications. Therefore, it is crucial to find a substrate that can keep this pluripotency. Another challenge is to regulate hMSCs differentiating into a specific lineage (e.g., adipocytes), which is useful for clinic applications (e.g., soft tissue replacement in reconstructive medicine). In this study, a native cell niche mimicking soft nanocomposite hydrogel with confined RGD spacing and surface morphology was fabricated by click chemistry. The goal of this work was to study the stemness and the differentiation potential of hMSCs on patterned and soft substrates regarding three aspects: surface morphology, ligand spacing, and mechanical properties. After investigating the locomotion of hMSCs on two different patterned surfaces (wrinkled or creased) and assessing the strong attachment of hMSCs on the hydrogels, stemness and differentiation potential were confirmed with an influence of the change in mechanical properties and adhesive peptide organization. The results have demonstrated that the immunophenotyping and mechanosensibility of the hMSCs remain in the case of a culture on these hydrogels and are lost when cultured on hard surfaces. This suggests that these hydrogels could be an excellent candidate to maintain the cell pluripotency. Overall, this work provides information about the stem cells behavior on soft material mimicking natural cell environments and gives further ideas in development of materials in the field of soft tissue engineering.
Experimental Section
Materials: All chemicals were purchased from Sigma (Germany) and used without further purification, unless otherwise noted. α-Aminoω-azido PEG, PEG-MW. 3000, 10 000 Dalton was from RAPP Polymer (Germany). H-Arg-Gly-Asp-Cys-OH trifluoroacetate salt was from Bachem. Dendritic polyglycerol with a number average molecular weight (M n ) of 10 kDa and gold nanoparticles with an average size of 20 nm were synthesized as previously reported. [46, 47] Cell Culture: hMSCs were purchased from EMD Millipore (Darmstadt, Germany) and cultured in DMEM (Gibco) supplemented with 10% bovine growth serum (Gibco) and 1% penicillin/streptomycin (Gibco) at 37 °C with 5% CO 2 . The osteogenic differentiation medium (ODM) and adipogenic differentiation medium (ADM) were obtained from Thermo Fisher (A1007201, A1007001). The fifth to sixth passages of hMSCs were used in this study.
Cell Viability: The viability of hMSCs on the hydrogels was measured by live/dead assay using a LIVE/DEAD kit (Thermo Fisher) after 48 h. Briefly, the live/dead dye solution was prepared by mixing 20 µL of 2 × 10 −3 m EthD-1 stock solution and 5 µL of 4 × 10 −3 m calcein AM into 10 mL of Dulbecco's phosphate-buffered saline (DPBS). Cells were stained by replacing culture medium with 150 µL of the live/dead dye solution and incubated at 37 °C in the dark for 30 min. Afterwards, the cells were imaged using an inverted fluorescence microscope. The cell viability was quantified by Cell Counting Kit-8 (CCK-8). 10 µL of CCK-8 solution was added to each well containing cells, and the well plate was continuously incubated at 37 °C for 2 h. Then the OD value for each well was read at wavelength 450 nm to determine the cell viability on a microplate reader. The assay was repeated three times. The cell viability was calculated as following: cell viability (%) = (OD (experiment) − OD (blank))/(OD (control) − OD (blank) × 100).
Cell Spreading Study: hMSCs were seeded in a 24-well culture plate containing a 12 mm diameter coverslip coated with a hydrogel film in growth medium for 4 h. Then the samples were washed once with the cell culture medium and twice with PBS (pH 7.4), followed by fixing with 4% paraformaldehyde (Sigma, Germany) at room temperature for 30 min. Then, the samples were washed three times with PBS (pH 7.4). For permeabilization purposes, cells were treated with 0.25% (v/v) Triton-X 100 (Sigma, Germany) in PBS for 10 min at room temperature, followed by washing with PBS to remove the detergent. The samples were then incubated with 1% (w/v) bovine serum albumin (BSA) in PBST (0.1% v/v Triton-X 100 in PBS) at room temperature for 45 min to block nonspecific antibody binding. After a brief washing twice with PBST and three times with PBS (pH 7.4), the cells were incubated in the dark for 1 h in a solution of rhodamine phalloidin (1:500 dilution, Life Technologies, ThermoFisher Scientific, USA) and DAPI (1:1000 dilution, Life Technologies, ThermoFischer Scientific, USA). Finally, the samples were washed twice with PBS and were imaged under an inverted fluorescence microscope.
Immunostaining: hMSCs were seeded in a 24-well culture plate containing a 12 mm diameter coverslip coated with a hydrogel film in growth medium for 7 d and then the samples were washed once with the cell culture medium and twice with PBS (pH 7.4). hMSCs were fixed by treatment with 4% paraformaldehyde (PFA) for 30 min. For permeabilization purposes, cells were treated with 0.25% (v/v) Triton-X 100 (Sigma, Germany) in PBS for 1 h at room temperature, followed by washing with PBS (pH 7.4) to remove the detergent. The samples were then incubated with 1% (w/v) bovine serum albumin (BSA) in PBST (0.1% v/v Triton-X 100 in PBS) at room temperature for 1 h to block nonspecific antibody binding. After a brief washing with PBST, the samples were incubated with CD73 monoclonal antibody (AD2), APC, eBioscience diluted at a 1:20 (v/v) ratio or CD90 (Thy-1) monoclonal antibody (eBio5E10 (5E10)), PE, eBioscience diluted at a 1:20 (v/v) ratio, and CD105 monoclonal antibody, FITC (Abcam) diluted at a 1:150 (v/v) ratio in PBST with 1% BSA for overnight at 4 °C in the dark. Afterwards, the samples were washed twice with PBST and three times with PBS (pH 7.4). Finally, the samples were imaged under a confocal microscope.
YAP Nuclear Localization: hMSCs were seeded in a 24-well culture plate containing a 12-mm diameter coverslip coated with a hydrogel film in growth medium for 7 d and then the samples were washed once with the cell culture medium and twice with PBS (pH 7.4). hMSCs were fixed by treatment with 4% paraformaldehyde (PFA) for 30 min. For permeabilization purposes, cells were treated with 0.25% (v/v) Triton-X 100 (Sigma, Germany) in PBS for 10 min at room temperature, followed by washing with PBS to remove the detergent. The samples were then incubated with 1% (w/v) bovine serum albumin (BSA) in PBST (0.1% v/v Triton-X 100 in PBS) at room temperature for 45 min to block nonspecific antibody binding. After a brief washing with PBST, the samples were incubated with a primary antibody monoclonal anti-YAP (YAP antibody #4912, Cell Signaling Technology) diluted at a 1:200 (v/v) ratio in PBST with 1% BSA for 1 h at room temperature. Afterwards, the samples were washed twice with PBST and three times with PBS and were then incubated in the dark overnight with a fluorescently labeled secondary antibody (goat anti-rabbit IgG secondary antibody, Alexa Fluor 568), then washed three times with PBS and incubated for another 1 h in a solution of FITC-conjugated phalloidin (1:500 dilution, Life Technologies, ThermoFisher Scientific, USA) and DAPI (1:500 dilution). Finally, the samples were washed twice with PBS and were imaged under a confocal microscope. DAPI and FITC phalloidin channels were used to identify the nuclear and cytoplasmic region of each cell in a single imaging plane. Using the YAP fluorescent channel, the average YAP intensity in the nuclear and cytoplasmic areas was calculated for each cell with at least 40 cells. Next, the YAP nuclear to cytoplasmic ratio was calculated as the average YAP intensity in the nucleus divided by the average YAP intensity in the cytoplasm.
Differentiation Assay: hMSCs were seeded in a 24-well plate containing a 12-mm diameter coverslip coated with a thin hydrogel film in growth medium for 7 d and then incubated with differentiation media for adipogenic or osteogenic differentiation. hMSCs cultured only in growth media were negative controls. After incubation of the cells for adipo and osteo differentiation for 17 d, osteoblasts were assessed with APL and adipocytes were assessed with oil red O solution. Images were then captured with an inverted fluorescence microscope.
SEM Imaging: hMSCs were seeded in a 12-well culture plate containing a 1 × 1 cm 2 silanized glass slide coated with a thin hydrogel film and in growth medium for 24 h and then fixated with 4% paraformaldehyde (Sigma, Germany) at room temperature for 15 min. Then, the samples were washed three times with PBS (pH 7.4). hMSC cultured in bare glass were used as controls. Prior to SEM measurements, gradual dehydration was performed to get rid of the water by immersing each sample in ethanol solutions from a low concentration (50%, 60%, 75%, 90%) to the highest concentration (100%) for 15 min at each concentration. The samples underwent gold sputtering before SEM measurements. The samples were gold coated by using an Edwards S150A sputter coater with gold deposition rate of 15 nm min −1 for 30 s. The SEM images were then recorded with a scanning electron microscopy (SEM, SU8030, Hitachi, Germany).
Statistical Analysis: p-values were calculated using Student t-test and the following increments of increasing significance: p > 0.05 (ns, not significant); p ≤ 0.05 (*); p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****). Error bars in figures represent the standard deviation from the mean.
Atomic Force Microscopy: Morphologies of different hydrogels thin films were studied by AFM imaging in dry and liquid conditions in PeakForce mode. Maximum applied forces of 500-1000 pN were used when measured in Milli-Q. All AFM imaging of hydrogels were conducted with a Multimode 8 from Bruker with a J scanner and a Nanoscope V controller. Samples were measured inside a fluid chamber at room temperature. For determination of changes in film thickness and degree of hydrogel swelling from dry to liquid state, the scratch method was used. 70 × 70 µm regions with the scratch in the middle (see Figure S8 , Supporting Information) were scanned in contact mode using a minimal optimized loading force set point value in combination with slow scan rates of about 0.3 Hz in order to reduce shear forces. To observe changes in hydrogel surface morphology from micro to nanoscale, images were taken with scan sizes of 10, 5, and 1 µm and a resolution of 512 points per line and 0.7 Hz scan rate. Imaging was performed with SNL-10 tips A from Bruker, model SNL-10 with nominal tip radius of 2 nm. Surface parameters were obtained using the NanoScope Analysis software version 1.4. Root mean square roughness (R q ) and maximal roughness (R max ) were obtained using the cross-section tool from five different regions.
Mechanical Testing with Atomic Force Microscopy: Colloidal force spectroscopy was applied with a 23 µm silica colloid glued with epoxy (UHU 2-komponent Endfest, Germany) to the end of a tipless cantilever F model MLCT-O10 from Bruker with nominal spring constant k = 0.6 N m −1 . Cantilevers were calibrated after functionalization with the colloid in Milli-Q, by compressing on a hard surface of cleaved mica to extract the cantilever's sensitivity, followed by the thermal noise method to obtain the spring constant of the cantilever+colloid system. Force-distance curves were then taken as a control reference on hard mica before each hydrogel surface was tested. Hydrogels were compressed at different locations through approach-retraction cycles with a velocity of 500 nm s −1 and maximal loading forces of 10 nN. All CFS experiments were performed in a Nanowizzard 4 from JPK in force spectroscopy mode. All obtained force-distance curves were base line and tip-deflection corrected, so that curves were transformed into force-separation curves and used for further calculations. The Young's modulus of hydrogels was calculated with the JPKSPM data processing software using the model of contact of Hertz for the first 20 nm of deformation following the contact point between colloid and hydrogel surface. For the case of bare AFM tip nanoindentations, the AFM tip is considered as a cone with a 20° opening half-angle and the Sneddon model was applied within the first 50 nm of hydrogel deformation.
Rheology: Rheological data were measured with a Malvern Instruments Kinexus equipped with a parallel plate geometry and with an 8 mm plate-plate. The temperature was kept at 25 °C for all experiments and an average normal force of ≈0.07 N. A solvent trap was used to prevent evaporation. All rheological experiments were repeated three times. E = 2G′ (1 + ν) with Poisson's ratio ν = 0.5 for such hydrogels, with E being the Young's modulus and G′ being the elastic modulus.
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